In 25 patients with cardiac disease, but free of left ventricular inflow obstruction, the electrocardiogram and M·mode echocardiogram of the aortic root, left atrium and both the mitral and the aortic valves were obtained simultaneously with the pulmonary artery wedge pressure (PAWP) during right heart catheterization. The echocardiographic measurements of the left atrial size, PR-AC interval, left atrial emptying index and the ratio between the electrocardiographic Q wave to mitral valve closure (Q-MVC) and between aortic valve closure to the mitral E point (AVC-E) were correlated to the pulmonary artery wedge pressure by means oflinear regression analysis. A formula in which PAWP=36.6 (Q-MVC/AVC-E)-2 was prospectively used to study the measured pressure in the current group of patients. The pulmonary artery wedge pressure derived from these latter measurements correlated well with the invasive measurement of this pressure (r = 0.91). The pulmonary artery wedge pressure calculated by echocardiography
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In recent years, two techniques have been reported for obtaining from M-mode echocardiographic data estimate s of left ventricular filling pressure as reflected by pulmonary artery wedge pressure in patients free of mitral valve obstruction. In the initial study (I ) . an atrial empt ying index was utilized , while in the second (2) , the ratio of Q wave to echographic mitral valve closure interval (Q-MVC) to aortic valve closure to mitral E point interval (AVC-E) was used. Others have correlated left ventricular end-diastolic pressure with the PR-AC interval (3, 4) and the pulmonary differed from the pulmonary artery wedge pressure measured by catheterization by 3 mm Hg or less in 19 of the 25 patients, by 4 mm Hg or less in 22 patients and by 6 mm Hg or less in 24 patients. Although the correlation between the (Q-MVC/AVC·E) ratio and measured pulmonary artery wedge pressure was highly significant (r = 0.91, probability Ip] < 0.001, n = 25), the left atrial emptying index, PR-AC and left atrial size reo vealed poor correlation coefficients (r = 0.45, r = 0.45 and r = 0.56 Ip < 0.05]), respectively.
In conclusion, in patients in stable condition with left ventricular dysfunction but without mitral valve obstruction, M·mode echocardiography using a ratio of the intervals (Q-MVC IAVC-E) provides a useful and reliable noninvasive method to predict pulmonary artery wedge pressure. Other M-mode echocardiographic measurements, PR·AC interval, left atrial empt ying index and left atrial size, have limited use as a noninvasive method to predict pulmonary artery wedge pressure.
artery wedge pressure with left atrial size (5) . The ability to assess left ventricular filling pressure by a noninvasive technique such as Mvmode echocardiography would be of obviou s potential benefit in the management of patient s with cardiac disease . Unfortunately, the prospective validity of these different echocardiographic methods in unselected patients with a variety of cardiac illness has not been established . In the present study, we prospectively compared the different echocardiographic measurements of pulmonary artery wedge pressure with simultaneously obtained catheterization measurements of this variable in patients with stable cardiac disease.
Methods
Study patients. The study group consisted of 25 men with an average age of 56 years (range 41 to 70) undergoing simultaneous bedside flow-directed right heart catheteriza-tion and echocardiographic study (8 patients) or diagnostic cardiac catheteriza tion and echocardiographic study (17 patients) (Tab le 1). Four patients were studied twice, first in a control state and then after intravenous administration of hydralazine . Coronary artery disease was present in 11 patients, congestive cardiomyopathy in 6 , mitral regurgitation in 3 and chro nic aortic regurgitation in 1 patient.
Criteria for inclusion in the study included the existence of a technically adequa te echocardiogram , normal sinus rhythm with normal PR interval and the absence of left bundle branch block. Patients with acute aortic regurgitation, flail aortic or mitral leaflet or those thought to have an unstable cardiac state (that is. patients with unstable angina and those recei ving pressor ami nes or intraven ous nitrates or nitroprusside) were excl uded . Only three patients were excl uded from the study because the echocardiograms were not technica lly suitable.
Hemodynamic studies. Pulmonary artery wedge pressure was obtained in all patients in the supine position during standard right heart catheterization. The reference zero pressure level was arbitrarily set at the midpoint of the chest diameter. The pulmonary wedge position was confirmed by the presence of a characteristic phasic pressure waveform, by blood gas ana lysis from the wedge position and by fluoroscopy in the 18 patients undergoing diagnostic catheterization. The phasic pressure from the pulmonary artery wedge position was recorded at a paper speed of 50 mm/s, and the mean pressure was recorded at 10 mm/s. Pressu re calibration and rezeroing to atmosp heric pressure was performed before , during and at the end of the study.
Echocardiographic studies. M-mode echocardiography was obtai ned with standard single channel echocardiographic equipment: an Irex 101 or Electronics for Medicine machine using a 2.25 MHz transducer. All examinations were conducted with the patient in the supine position. Recordings from along the left sternal border were made of the aortic root and valve and the left atrium and mitral valve at sites where closure of these valves could be clearly defined . The echocardiographic tracings of the heart structures were recorded simultaneously with an electrocardiographic lead (bipolar chest or unipo lar V5 or V6) that demonstrated a clear initial deflec tion of the QRS complex with a strip chart recording at a proper speed of 100 to 200 mm/s and longitudinal time lines of 10 ms . The echocardiograms were obtained at the time of right heart catheterization.
Echocardiographic variables. All echocardiographic intervals were obtai ned by averaging data from at least 3 cardiac cycles in which the preceding RR interval on the (Fig. 2) . The point where the posterior aortic wall begins its posterior motion is 0 , and the A point described a second abrupt posterior movement caused by atrial contraction. The left atrial emptying index (X/OA) is the ratio of the posterior aortic wall motion occurring in the first third of this passive emptying period (X) to the total passive emptying (OA).
. The echocardiographic AC interval and electrocardiographic PR interval were used for calculating the PR-AC interval (3).
4 . Left atrial size was measured at the level of the aortic root as the distance from the anterior surface of the posterior aortic wall during end-systole to the anterior surface of the left atrial wall (7) .
The pulmonary artery wedge pressure. measured by catheterization technique, was related by means oflinear regression analysis to: a) left atrial size, b) PR-AC interval, c) left atrial emptying index, and d) Q-MVClAVC-E ratio. The echocardiographic derived pulmonary artery wedge pressure (PAWP) by the previously reported formula (2) in which PAWP = 36.6 (Q-MVC/AVC-E)-2, was also related to the measured value. 
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Results
The echocardiographic variables and the pressure measurements from all patients are listed in Table 1 . The 25 measurements obtained in this study of Q-MVClAVC-E versus pulmonary artery wedge pressure are depicted in Figure 3A . A formula for pulmonary artery wedge pressure obtained from a linear regression analysis of these measurementsequals 34.2 (Q-MVC/AVC-E) -2.1, thus differing minimally from that described above from our previous retrospective study (2) . In the 25 patients, the predicted pulmonary artery wedge pressure measured by echocardiogram, using the previously reported formula, differed from the pulmonary artery wedge pressure measured by catheterization by 3 mm Hg or less in 19 patients, 4 mm Hg or less in 22 patients and, 6 mm Hg or less in 24 patients with a correlation of r = 0.91 (Fig. 4) . In all of the instances of a discrepancy between calculated and measured pulmonary artery wedge pressure of 5 mm Hg or more, the echocardiographic ally-derived predicted value was greater than the measured value. Retrospective analysis failed to define any common element that could explain the largest dis- Figure4. Measured meanpulmonary arterywedge pressure (PAWP) plotted against the echographically-derived valve.
crepancies between predicted and measured values (such as commonc cardiac disease).
Other echocardiographic methods designed to assess pulmonary artery wedge pressure (PR-AC interval, left atrial size and left atrial emptying index) did not accurately predict pulmonary artery wedge pressure by correlation coefficients of r = 0.45,0.56 and 0.45, respectively (Fig. 3) .
Discussion
Previous attempts to define echocardiographic determinants of left ventricular filling pressure utilized highly selected groups of patients with relatively normal hemodynamic status studied retrospectively. In the present study, two independent observers prospectively compared four different echocardiographic estimates of pulmonary artery wedge pressure with a simultaneously obtained catheterizationmeasured value in a group of 25 patients with stable cardiac disease. Both the invasive and the noninvasive recordings were obtained simultaneously in the cardiac catheterization laboratory or the intensive care area. The relation of Qmitral valve closurelaortic valve closure-E (Q-MYC/AYC-E) ratio to pulmonary artery wedge pressure in a group of 34 patients previously reported by us (2) revealed a highly significant correlation (r = 0.94). The pulmonary artery wedge pressure predicted by the linear regression equation, obtained in this latter study, was currently tested in a prospective manner in 25 patients and it correlated well with the measured pressure (r = 0.91). The relation of the Q-MYCIAYC-E ratio to the measured pulmonary artery wedge pressure, prospectively obtained in the present study, continues to show an excellent correlation (r = 0.91).
Physiologic rationale for Q.MVC/AVC.E ratio as an estimate of pulmonary wedge pressure. The physiologic rationale for relating the Q-MYCI AYC-E ratio to pulmonary artery wedge pressure is based on considerations derived from phonocardiographic measurements of these intervals in studies of mitral stenosis (8, 9) . The interval of Q wave to the mitral component of the first sound (M I) is prolonged in severe mitral stenosis, while the interval between the aortic component of the second sound (A 2 ) and the mitral opening snap (OS) is shortened. The ratio of the phonocardiographic intervals Q -MIlA 2 -OS is equivalent to the echographic ratio of Q-MYCIAYC-E and it correlates closely with the mean pulmonary artery wedge pressure in mitral stenosis (10) .
Because small variabilities always exist between the phonocardiographic and echocardiographic events (11, 12) , the formula derived from phonocardiographic measurements presumably differs somewhat from the echocardiographic formula. The high correlation we initially reported and subsequently documented herein between the Q-MVClAYC-E ratio and measured pulmonary artery wedge pressure is somewhat surprising because multiple determinants govern the Q-MYC and AYC-E intervals. The Q to mitral valve closure (MYC) interval is influenced by heart rate (13), PR interval (14, 15) , electromechanical delay (16, 17) , first derivative of left ventricular pressure (dP/dt) and left atrial pressure at the time of crossover with the left ventricular pressure. The aortic valve closure to opening snap (A 2-OS) interval is similarly influenced by a number of variables: heart rate (13), systemic arterial pressure (17, 18) , rate of isovolumic relaxation and left atrial pressure. Despite this multiplicity of potentially discordant variables, combining the two intervals into a ratio in patients with a normal PR interval appears to cancel potential errors and yields an impressive positive correlation coefficient.
The linear regression equation for determination of pulmonary artery wedge pressure from echographic data in the groups of patients initially reported on and those studied herein remains quite identical. Though the formula may vary in different laboratories because of variation in techniques or measurement problems introduced when combining phonocardiography with echocardiography (19, 20) , the general validity of a linear relation between the described ratio of intervals and pulmonary artery wedge pressure seems established.
Left atrial emptying index and pulmonary wedge pressure. Originally, the echocardiographic analysis of the posterior aortic wall was thought to yield data as to left atrial volume (21) . Changes of posterior aortic wall movement correlated with volume changes in the left atrium. Posterior aortic wall motion during diastole was subsequently quantified by a left atrial emptying index in an attempt to assess mitral valve obstruction in patients with mitral stenosis (6) . The left atrial emptying index represents the fractional change in diastolic motion of the aortic posterior wall in the first one-third of diastole.
Recently, Wasserman et al. (1) evaluated the relation between the left atrial emptying index and pulmonary artery pressure. In 21 patients without mitral stenosis, they found a highly significant negative correlation (r = 0.91). The present study does not substantiate these observations; we found the correlation to be poor, although significant (r = 0.45, P < 0.05). Our inability to reproduce their results presumably relates to differences in design and patient selection. The study of Wasserman et aI. excluded patients with valvular disease such as mitral regurgitation, because the aortic root excursion in this group has significantly increased motion (22) . In 12 (57%) of their 21 patients, the pulmonary artery wedge pressure was 9 mm Hg or less, although in only 6 (24%) of our group of 25 patients the measured pressure was 9 mm Hg or less. This fact alone may account for their high negative correlation coefficient. It is also conceivable that the passive posterior aortic wall motion during the first third of diastole is not solely dependent on left atrial emptying; other factors include total aortic root excursion, compliance of the aortic root and systemic peripheral resistance (1, 22, 23) .
Left atrial size as an index of pulmonary wedge pressure. Our study did confirm the previous observation in which the PR-AC interval and left atrial dimension correlate independently, but poorly, with pulmonary artery wedge pressure (r = 0.45 and 0.56, respectively) (5,24). However, a close correlation between left ventricular enddiastolic pressure and left atrial dimension as measured by two-dimensional echocardiography in an experimental animal study has been reported (25) . The parallel clinical study in which left atrial size by M-mode echocardiogram was related to the pulmonary artery wedge pressure revealed a poor, but significant correlation in a recent study (5) , although in another report published several years ago (26) the authors concluded that M-mode left atrial size cannot be used to satisfactorily assess pulmonary capillary pressure after intervention.
PR-AC interval as an index of pulmonary wedge pressure. A PR-AC interval of 60 ms or greater correctly predicted a pulmonary artery wedge pressure of 20 mm Hg or less in 12 (92%) of 13 patients; however, in only 4 (33%) of 12 with a PR-AC interval less than 60 ms was the pulmonary artery wedge pressure greater than 20 mm Hg. These data are essentially similar to those reported by Lewis et al. (24) wherein 15 (94%) of 16 patients with a PR-AC interval greater than 60 ms had a left ventricular end-diastolic pressure less than 20 mm Hg. Our results are somewhat different from those of Yow and Reicheck (27) , who observed that all four patients with left ventricular end-diastolic pressure greater than 20 mm Hg demonstrated a PR-AC interval less than 60 ms.
Clinical implications. On the basis of the present study we conclude that in patients with diverse causes of left ventricular dysfunction, echocardiographic measurements of PR-AC interval, left atrial size and left atrial emptying index are of limited value in quantitating left ventricular filling pressure as reflected by mean pulmonary artery wedge pressure. Conversely, the echographic ratio of Q-mitral valve closure/aortic valve closure-E point (Q-MVClAVC-E) seems validated prospectively in predicting pulmonary artery wedge pressure and appears to be the best available M-mode echocardiographic technique for assessment of this hemodynamic variable.
